Abbreviations used: AHCMV, active human CMV; HAART, highly active antiretroviral therapy; HCMV, human CMV; IE1, immediate early 1; LTNP, long-term nonprogressor; LTRR, long-term recovery from retinitis; SFC, spot-forming cell; STRR, short-term recovery from retinitis.

Human cytomegalovirus (HCMV) is a common pathogen that infects more than half of the adult human population, but generally causes only minor symptoms in immunocompetent individuals ([@bib1]). After initial exposure, healthy individuals carry the virus as a latent infection for life. Evidences for a major role of T cells in the immune control of this persistent infection are provided by the uncontrolled viral replication and HCMV end-organ diseases observed in immunocompromised individuals with severely impaired T cell functions, which make the virus a major cause of morbidity and mortality in this population.

Most HIV-infected patients are coinfected with HCMV. In this population, retinitis---the most frequent manifestation of severe uncontrolled HCMV reactivation---generally occurs in the late stages of the T helper cell deficiency. Although sensitive to anti-HCMV therapy, retinitis usually relapses after discontinuation of treatment if the CD4 T cell defects persist ([@bib2], [@bib3]). The introduction of highly active antiretroviral therapy (HAART) has changed the frequency of HCMV end-organ diseases in HIV-infected patients dramatically and its outcome ([@bib4], [@bib5]). The immune reconstitution obtained with HAART allows secondary anti-HCMV prophylaxis to be discontinued safely after at least 3 mo of successful HAART ([@bib4]--[@bib6]); this suggests that a protective immunity to HCMV has been restored, but correlates of immune protection against active HCMV (AHCMV) disease are still unknown.

HCMV-specific HLA class I--restricted T cell responses are known to be essential for successful resolution of the infection and maintenance of long-term control of HCMV replication ([@bib7]--[@bib10]). Two HCMV proteins serve as key target antigens for HCMV-specific T cells: a late matrix protein (pp65) that is abundant throughout HCMV infection and an immediate early 1 (IE1) antigen protein that is indispensable for viral replication ([@bib1], [@bib11]).

The initial studies of antigen-specific CD8^+^ T cells reported that IE1 was the main target for HCMV-specific T cells ([@bib12]), whereas subsequent studies found that they predominantly recognized pp65 ([@bib13]--[@bib16]). Experiments with MHC class I tetramer/peptide complexes for direct ex vivo measurement of the frequency of antigen-specific T cells suggested that large numbers of specific CD8^+^ T cells that focus against a limited set of immunodominant peptides from pp65 ([@bib13], [@bib17]--[@bib20]) and IE1 ([@bib21], [@bib22]) helped to control HCMV replication. However, the latter studies may have been biased by the selection of only a few epitopes for incorporation in tetramers. Recent reports revealed that cytokine-producing T cells that are specific for HCMV recognize a far broader repertoire of epitopes in healthy individuals ([@bib23], [@bib24]) than previously believed, such as many epitopes from other viral proteins (e.g., the pp28 and pp50 structural proteins, gH and gB early/late proteins antigens, and HCMV-encoded immunomodulators; reference [@bib24]). However, none of these studies identified immune correlates of protection against HCMV replication and of recovery after an acute HCMV event.

Immune control of viral infections requires large numbers and an adequate repertoire of virus-specific MHC class I--restricted T cells and their appropriate differentiation to permit rapid effector function and survival potential. Studies of human virus--specific T cells showed that the expression of different combinations of the CD27 and CD28 costimulatory molecules on virus-specific CD8^+^ T cells correlates with diverse differentiation and functional characteristics ([@bib25]--[@bib28]).

A linear differentiation model was proposed for antigen-experienced T cells with the CD27^+^CD28^+^ "early" and CD27^−^CD28^+^ "intermediate" stages expressing low or intermediate levels of perforin, respectively, and a CD27^−^CD28^−^ "late" stage supposed to represent fully differentiated effector T cells ([@bib28]) because of their high perforin content, ability to produce large amount of IFN-γ after stimulation, and direct ex vivo mediation of cytotoxicity ([@bib25]--[@bib30]). A general consensus ([@bib25]--[@bib31]) is that most HCMV-specific CD8^+^ T cells in HCMV-infected individuals who do not have AHCMV disease are CD27^−^CD28^−^CD57^+^CCR7^−^, and this phenotype is believed to confer immune control. Nonetheless, no study has addressed this question in immunosuppressed patients who have HCMV end-organ disease or after recovery from acute HCMV events, and the differentiation stage of HCMV-specific T cells associated with restoration of immune control has not been analyzed. The impact of CD4 T helper cell defects, known to be key in the expansion of memory T cells specific for viruses, is unknown.

The goal of this study was to characterize the HCMV-specific CD8^+^ responses associated with restoration of a protective immunity after an acute HCMV event in patients who were coinfected with HCMV and HIV, and to determine whether protective immunity against HCMV depends on the antigenic repertoire, the diversity or magnitude of specific CD8^+^ responses, or is associated with a particular profile of CD8^+^ T cell differentiation (or any combination of these elements).

We studied a group of HIV-HCMV--coinfected patients who had suffered from an HCMV-retinitis when their CD4 counts decreased to \<50/mm^3^, in whom we previously demonstrated that CD4 T cell reconstitution \>100/mm^3^ under continuous HAART allowed discontinuation of the HCMV prophylaxis and permanent control of the HCMV disease ([@bib6]). In this group, HCMV-specific CD8 responses were studied \<2 yr (short-term recovery from retinitis; STRR) and \>5 yr after stable recovery (long-term recovery from retinitis; LTRR). They were compared with responses observed in HIV-negative HCMV-infected healthy controls and in two groups of HIV-HCMV--coinfected patients---healthy (long-term nonprogressors; LTNPs) or suffering from AHCMV disease. Analyzing the HCMV-specific CD8^+^ T cells that produced IFN-γ after stimulation with synthetic 15-mer overlapping peptides spanning the two immunodominant proteins, pp65 and IE1, enabled us to test exhaustively each subject\'s responses with the entire sequence of each protein without any predefined HLA-restriction, and to define the magnitude, antigenic repertoire, and the diversity of the HCMV-specific responses, as well as the differentiation stage of the HCMV-specific CD8 cells involved.

RESULTS
=======

Antigenic repertoire and diversity of the CD8^**+**^ T cell-mediated HCMV-specific responses
--------------------------------------------------------------------------------------------

We first identified the various antigenic regions (i.e., the antigenic repertoire) targeted by the HCMV-specific T cells that produced IFN-γ in the ELISPOT assay by using pools of 15-mer peptides covering all of the pp65 and IE1 sequences.

Overall, 10 of the 11 available pp65 peptide pools (91%) and all 10 of the available IE1 peptide pools were recognized at least once. CD8 cell depletion experiments showed that the IFN-γ production induced by these pp65 and IE1 15-mers was mediated primarily by CD8 T cells (unpublished data). The pools were organized in a matrix to identify the individual targeted peptides recognized by the 11 HIV-negative subjects. 20 individual peptides were recognized in 17 pools, with a mean of 1.2 peptides (range: 1--4) recognized per pool. Considering the known HLA class I restriction of previously described HCMV epitopes, this 15-mer overlapping peptide pool organization reflected the actual epitope repertoire recognized by the HCMV-specific T cells because all of the pp65 and IE1 nonamers previously described were recognized (unpublished data).

We then compared the antigenic repertoire of the pp65 and IE1 peptides recognized by CD8^+^ T cells from HIV-negative and HIV-positive subjects ([Table I](#tbl1){ref-type="table"} and [Fig. 1](#fig1){ref-type="fig"}). Only 5 distinct pp65 pools induced at least one response in the HIV-negative individuals: the pp65\[251--310\] and pp65\[351--561\] regions (pools 6 to 11; i.e., the COOH-terminal part of the protein). In contrast, PBMCs from HIV-positive subjects who had controlled HCMV replication (i.e, LTNPs, STRR, and LTRR subjects), recognized 10, 7, and 9 distinct pp65 pools, respectively, that covered the whole pp65 sequence. Similarly, the HIV-negative donors recognized only 4 IE1 pools, whereas LTNP, STRR, and LTRR subjects recognized 7, 7, and 6 distinct IE1 pools, respectively. Therefore, each distinct pp65 and IE1 pool was recognized by specific cells from a mean of 21% (range: 0--42%) and 20% (range: 0--42%), respectively, of HIV-positive subjects who had controlled HCMV replication, whereas a mean of only 7% (range: 0--27%) of the HIV-negative individuals recognized each distinct pp65 and IE1 pool. In addition, considering patients who had AHCMV disease, each distinct pp65 and IE1 pool was recognized by a mean of 10% (range: 0--37%) and 6% (range: 0--25%) of patients. Thus, the available HCMV antigenic repertoire engaged in CD8^+^ T cell responses against pp65 and IE1 was significantly broader among HIV-positive subjects who had controlled HCMV replication than in healthy HIV-negative individuals (pp65, P = 0.010; IE1, P = 0.010) and patients who did not control HCMV replication (pp65, P = 0.045; IE1, P = 0.006).

###### 

Characteristics of study subjects

  Subjects   Age   Sex   HLA-I typing   CD4 count   Time from onset of episode of HCMV disease   HCMV viral load[a](#tfn1){ref-type="table-fn"}
  ---------- ----- ----- -------------- ----------- -------------------------------------------- ------------------------------------------------
                                                    months                                       

Detection limit of 10 copies.

HIV-negative patient.

![Broader antigenic repertoire of HCMV-specific CD8^**+**^ T cell responses in HIV-positive subjects with controlled HCMV replication or recovering from AHCMV infection, compared with HIV-negative (HN) healthy individuals and patients who had uncontrolled HCMV replication. The number of distinct pp65 and IE1 pools of peptides detected by ELISPOT assay at least once, by group. Each bar represents the number of persons whose CD8 T cells recognize each individual HCMV-pp65 or IE1 peptide pool.](20042408f1){#fig1}

Taken together, these results suggest that HIV-infected individuals who control their HCMV infection, either spontaneously or after recovery of an AHCMV event, develop a broader repertoire of HCMV-specific CD8 T cells against pp65 and IE1 than healthy HIV-negative subjects and severely immunosuppressed patients who are unable to control HCMV.

The diversity (number of peptide pools recognized per patient) of HCMV-specific CD8 T cell responses differs between HIV-negative and HIV-positive subjects
-----------------------------------------------------------------------------------------------------------------------------------------------------------

HIV-negative donors and patients who had AHCMV disease showed a limited diversity; they recognized a mean of only 0.8 and 1.2 pp65 pools per subject in both groups, respectively (range: 0--3 in both cases), and a mean of 0.7 and 0.6 IE1 pools, respectively (range: 0--2, in both cases). In contrast, HIV-infected patients who had controlled HCMV replication (LTNP, STRR, and LTRR) recognized a mean of 2.3 pp65 pools per subject (range: 0--5) and a mean of 2 IE1 pools per subject (range: 0--5). When compared with HIV-negative donors, patients who had controlled HCMV replication showed a broader diversity against pp65 (P = 0.012) and IE1 (P = 0.019), whereas the IE1 diversity (P = 0.025), but not the pp65 diversity (P = 0.122), was greater when compared with AHCMV retinitis.

Although the distribution of the HCMV peptides apparently was balanced equally between pp65 and IE1 proteins in all cases, the STRR subjects recognized significantly more IE1 pools (P \< 0.001) than HIV-negative healthy subjects and AHCMV subjects (P = 0.001). In addition, LTNP (P = 0.020) and LTRR (P = 0.034) subjects recognized significantly more pp65 pools than HIV-negative healthy subjects ([Fig. 2](#fig2){ref-type="fig"}).

![Greater diversity of HCMV-specific CD8^**+**^ T cell responses in HIV-positive subjects with controlled HCMV replication or recovering from AHCMV infection, compared with HIV-negative (HN) healthy individuals and patients who had uncontrolled HCMV replication. The number of distinct HCMV-pp65 and -IE1 pools of peptides detected by ELISPOT assay per individual. Each bar represents one individual; the number in bold type is the mean number of recognized pools per individual.](20042408f2){#fig2}

These data suggest that immune control of HCMV replication in HIV-infected patients who are exposed to HCMV is associated with enlarged repertoire and diversity of the HCMV-specific CD8 cell responses. They also indicate that restoration of protective immunity to HCMV seems to focus on IE1 in the early period but switches toward pp65 in the late immune restoration period, when it is similar to the HCMV-specific immunity that is observed in LTNPs who never had HCMV retinitis.

Magnitude of HCMV-specific CD8^**+**^ response
----------------------------------------------

The magnitude of HCMV-specific T cell responses was measured as the sum of the HCMV-specific T cells producing IFN-γ in response to the pp65 and the IE1 peptide pools. Immunodominant peptides (i.e., the peptide pool with the highest magnitude of response for each subject) were distributed equally between pp65 and IE1 (49% pp65 and 51% IE1 pools).

The mean magnitude of HCMV-specific T cell responses among HIV-negative subjects was 580 spot-forming cells (SFCs)/million PBMCs (range: 0--1,900) for pp65 and 471 SFCs/million PBMCs (range: 0--1,800) for IE1. Among subjects who had AHCMV disease, the mean magnitude of responses was 681 (range: 0--2480) and 973 SFCs/million PBMCs (range: 0--3,900) for pp65 and IE1, respectively. In line with the above results, magnitude of responses did not differ significantly between HIV-infected patients who had controlled HCMV replication (LTNP, STRR, and LTRR) as a whole (mean: 1817, range: 0--9,200 and 2,430 SFCs/million PBMCs, range: 0--7330 against pp65 and IE1, respectively) and patients who had AHCMV disease (pp65, P = 0.332; IE1, P = 0.115).

When analyzing each subgroup of HIV-positive patients who had controlled HCMV replication, we found that the LTNP and LTRR subjects did not differ from HIV-negative individuals in the magnitude of their CD8 cell responses to pp65 (LTNP, P = 0.214; LTRR, P = 0.097) and IE1 (LTNP, P = 0.702; LTRR, P = 0.059). In contrast, the STRR subjects had significantly higher frequencies of CD8 cells directed against IE1 (P \< 0.001), but not against pp65 (P = 0.709), than HIV-negative donors ([Fig. 3](#fig3){ref-type="fig"}). Noteworthy in STRR responders to IE1, each individual IE1 peptide pool was recognized with a mean magnitude of 1699 SFCs/million PBMCs, (range: 975--2350) that was significantly higher than that observed in HIV-negative responders (662 SFCs/million PBMCs, range: 165--1800; P = 0.010); this suggested an actual increase in the magnitude of response against the HCMV-IE1 protein in this group. Thus, the immunodominant responses associated with immune protection appear to focus primarily against IE1 in the early period of recovery from acute HCMV events. Finally, STRR subjects showed significantly higher CD8 cell frequencies directed against IE1 than did patients who had AHCMV disease (P = 0.002; [Fig. 3](#fig3){ref-type="fig"}).

![Magnitude of HCMV-specific CD8^**+**^ T cell responses. The number of pp65 and IE1-specific IFNγ-producing T cells identified for each subject in ELISPOT assays. Each bar represents one subject. The numbers in bold type are the mean numbers of specific T cells per subject.](20042408f3){#fig3}

Therefore, our results suggest that although the diversity and the magnitude of IE1-specific CD8 T cells explain increased frequencies of IE1-specific CD8 T cells during the early recovery period after HCMV retinitis, the magnitude of the HCMV-specific response does not play a key role in the long-term control of HCMV replication in HIV-infected patients.

Differentiation of HCMV-specific CD8^**+**^ T cells
---------------------------------------------------

To study the differentiation characteristics of these CD8^+^ HCMV-specific T cells, we selected the dominant peptide pool recognized by each patient in the ELISPOT assay: overall 75% were IE1. For each pool, we used an intracellular cytokine detection assay to analyze the simultaneous production of IFN-γ and IL-2 in HCMV-specific CD8 cells. Only IFN-γ production was observed with a mean of 0.78% CD8^+^ cells producing IFN-γ; we were unable to detect any IL-2 production in those HCMV-specific T cells, even when tested from HIV-negative, LTNP, or LTRR subjects (unpublished data). Then we studied the coexpression of CD27 and CD28 on the cell surface of CD8^+^ T cells that produced IFN-γ against HCMV peptide pools, and quantified three subpopulations: CD27^−^CD28^−^, CD27^−^CD28^+^ and CD27^+^CD28^+^ ([Fig. 4](#fig4){ref-type="fig"}). Changes in subset repartition were observed among groups of patients for the CD27^−^28^−^, CD27^−^28^+^, and CD27^+^28^+^ cells, but not for the CD27^+^28^−^ subset.

![Differentiation profiles of HCMV-specific CD8^**+**^ T cells. Flow-cytometry analysis of CD27 and CD28 coexpression gated on IFN-γ--producing CD8 T cells after stimulation with the dominant HCMV peptide pool as detected in the ELISPOT assay. Each display represents results from a representative donor from each group. Proportions of cells in each quadrant are represented in the labels.](20042408f4){#fig4}

The CD27^−^CD28^−^CD8^+^ IFN-γ^+^ T cell subpopulation accounted for \>72% of the HCMV-specific CD8^+^ T cells, and was the largest subpopulation for all groups of subjects tested. In patients who had uncontrolled HCMV replication (AHCMV), \>90% of CD8^+^ T cells displayed this late differentiated stage. Similarly most HCMV-specific CD8^+^ T cells were CD57^+^ (unpublished data). The percentages of these cells were similar in LTRR subjects (72 ± 12%) and HIV-negative healthy individuals (76 ± 12%). When expressed as numbers of T cells per million PBMCs per subject ([Table II](#tbl2){ref-type="table"}), only the counts of HCMV-specific CD8^+^ CD27^−^CD28^−^ T cells observed in patients who had AHCMV (P = 0.032) were significantly higher than in HIV-negative subjects, whereas those from LTNP (P = 0.286), STRR (P = 0.065), or LTRR (P = 0.095) subjects were not.

###### 

Distinct pattern of differentiation of HCMV-specific CD8^+^ T cells associated with long-term immune recovery

        Frequencies of HCMV-specific T cells   Subsets of HCMV-specific CD8^+^ T cells producing IFNγ[a](#tfn3){ref-type="table-fn"}                                                                                                
  -- -- -------------------------------------- --------------------------------------------------------------------------------------- ---- -------------------------------------- ---- -------------------------------------- ---- --------------------------------------
                                               \%                                                                                      \%   N[*^d^*](#tfn6){ref-type="table-fn"}   \%   N[*^d^*](#tfn6){ref-type="table-fn"}   \%   N[*^d^*](#tfn6){ref-type="table-fn"}

Assessed by intracellular cytokine staining.

Assessed by ELISPOT assay.

%CD8 + IFN-γ^+^ = number of CD8^+^-producing IFN-γ/number of PBMCs producing IFN-γ as assessed by intracellular cytokine staining.

N = %CD27CD28 × (SFCs/M. PBMC × %CD8^+^IFN-γ^+^).

These results show that patients who are exposed to high levels of HCMV replication at advanced stages of CD4 immunodeficiency had maintained greater numbers of "late" differentiated HCMV-specific CD8^+^ T cells than patients who were recovering from retinitis (STRR, LTRR) and patients who never experienced AHCMV disease (LTNP, healthy HIV-negative donors).

In addition, the proportions of "early" differentiated HCMV-specific CD27^+^CD28^+^CD8^+^ T cells were significantly higher during the late recovery period (LTRR, 11 ± 7%) than among the other HIV-infected patients (LTNP, 3.0 ± 1.2%, P = 0.016; STRR, 3.6 ± 4.7%, P = 0.042; AHCMV, 1.2 ± 1.2%, P = 0.016), but were identical to the proportions observed in the HIV-negative group (14 ± 9%, P = 1.000). The patients who had AHCMV disease had the lowest percentages of CD27^+^CD28^+^CD8^+^ T cells. The mean numbers of CD27^+^CD28^+^CD8^+^ T cells in LTRR subjects were likewise significantly higher than in the other HIV-infected patients (LTNP, P = 0.032, STRR, P = 0.006, AHCMV, P = 0.032).

Furthermore, recovery of HCMV-specific immunity by LTRR subjects also was associated with the reinforcement of the "intermediate" differentiated subpopulation of CD27^−^CD28^+^CD8^+^ T cells. The mean number of these cells was significantly higher in these patients than in the other HIV-infected groups (LTNP: P = 0.016; STRR: P = 0.041; AHCMV: P = 0.032).

These results suggest that long-term immune restoration after several years of HAART was associated with a regeneration of new early and intermediate CD28^+^CD8^+^ T cells (i.e., differing only according to the presence of CD27), which had almost disappeared during the acute HCMV events.

DISCUSSION
==========

Our findings show that restoration of an immune control after AHCMV disease in HIV-infected patients is associated with enlarged antigenic repertoire and diversity of HCMV-specific CD8^+^ responses, and with regeneration of "early" and "intermediate" differentiated CD27^+/−^CD28^+^CD8^+^ HCMV-specific T cells. In addition, focusing CD8^+^ T cell responses against the IE1-HCMV protein during the early recovery period also seems to be an essential feature of immune recovery.

The exhaustive and systematic analysis of the HCMV-pp65 and -IE1 CD8 cell recognition that we performed---combining 15-mer peptide pools and ELISPOT--IFN-γ assays---provided the same magnitude of anti-pp65 and anti-IE1 CD8 cell responses in healthy HIV-negative subjects as was described recently by using preselected HLA-matched optimal 9-mer epitopes ([@bib24]). The repertoire of HCMV peptides available for CD8^+^ T cell recognition defined with our strategy also is consistent---considering HLA class-I haplotypes---with all HCMV epitopes described in the literature ([@bib10], [@bib14], [@bib23], [@bib24], [@bib32]). Lack of response in two healthy HCMV carriers might suggest that HCMV-specific T cells can be directed against non-pp65 and non-IE1 proteins ([@bib24]) or that this portion of the pp65 protein is poorly immunogenic. Although the HLA haplotypes of our HIV-negative donors are representative of a typical HLA class I Caucasian distribution, some MHC bias might explain the lack of response in HIV-negative subjects against the five N-proximal pp65 \[1--260\] pools, rather than a lack of immunogenicity of this region because it is recognized in HIV-infected subjects or published data ([@bib16], [@bib20], [@bib23], [@bib24], [@bib33]).

Our study substantiates that the magnitude of the HCMV-specific responses does not play a key role in controlling HCMV replication, and is not sufficient to ensure protection against AHCMV disease. In contrast, antigenic repertoire and diversity of HCMV-specific CD8^+^ T lymphocytes that produce IFN-γ are key correlates of restoration of an immune control of HCMV and of protection against relapses of HCMV retinitis. The broad antigenic repertoire and diversity of HCMV-specific responses clearly differed from those that were observed in healthy HCMV-positive patients and in subjects who were unable to control HCMV replication.

One likely hypothesis is that a high level of HCMV replication in HIV-infected patients exposes the immune system to a broad repertoire of HCMV epitopes which can be recognized adequately by CD8 T cells only when CD4 help is present at sufficient levels. We previously reported in the RESTIMOP study ([@bib6]), from which the STRR and LTRR subjects were drawn, that HAART initiation in patients who were recovering from retinitis was associated with restored CD4 counts and CD4 proliferative responses to HCMV. Similarly, a recent study pointed out the role of the CD4 help in primary HCMV infection ([@bib34]). Our results and hypothesis also are consistent with murine models which showed that CD4 help ensures the maintenance and competitive fitness of virus-specific memory CD8 T cells ([@bib35], [@bib36]). Although characteristics of immune response to HCMV observed 17 mo to 60 mo or longer after an AHCMV disease might result from a major exposure to high HCMV viremia during such disease, HCMV remained undetectable in all recovering patients during the entire study period. Furthermore, it was shown that HCMV viremia was cleared 3 mo after initiation of HAART ([@bib37]--[@bib39]). Finally, severe uncontrolled HCMV reactivation generally occurs at late stages of the T helper cell deficiency when CD4 counts decrease to \<75/mm^3^ ([@bib2]), and secondary anti-HCMV prophylaxis can be discontinued safely only when CD4 counts are restored to \>100/mm^3^ after introduction of HAART ([@bib4]--[@bib6]). Therefore, we propose that exposure to high HCMV viremia in the absence of help does not allow the characteristics of the immune responses that we observed after recovery of AHCMV disease, which require in addition a restored help. Thus, the strength of the antigenic pressure---defined as numbers of viral epitopes produced---and the available help determine the repertoire and the diversity, and thereby, the immune control of AHCMV replication and disease.

In addition, recovery from acute HCMV retinitis is associated with immunodominance of the IE1-HCMV antigen during the first 2 yr after retinitis, whereas pp65 might be more instrumental in the long term. A protective role of IE1-specific CD8 T cells was recognized recently in HIV-negative patients who had AHCMV disease ([@bib40]). Changing patterns of CD8^+^ T cell immunodominance have been demonstrated in murine models of influenza virus infection and were shown to reflect the antigen density in antigen-presenting cells, the T cell repertoire available, and the differential antigen presentation in the course of the virus infection ([@bib41], [@bib42]). The dominant IE1 response that we observed might not reflect differences in amounts of IE1 and pp65 proteins because both are produced equally by cells replicating HCMV, but rather might reflect a different kinetics of production. IE1 is the first HCMV protein to be expressed during the virus cycle and can block apoptosis before other HCMV proteins that can block antigen processing and presentation selectively ([@bib1]). Thus, presentation of IE1 might be favored in AHCMV replication and polarize the immune responses toward IE1, but might decrease progressively when HCMV replication is controlled durably, and thus, allows the balance between pp65 and IE1 to be restored.

According to the current consensus ([@bib25], [@bib31], [@bib43]), we show that most CD8^+^ T cells that are engaged against HCMV have a CD27^−^CD28^−^CD57^+^ phenotype in healthy HIV-negative and HIV-positive individuals. CD57 and CD28 expression (mutually exclusive in CD8^+^ T cell populations; references [@bib26], [@bib44]--[@bib47]) is associated with terminal differentiation of antigen-experienced T cells that have undergone numerous cell divisions and are unable to proliferate (replicative senescence). These features might reflect the continuous stimulation of specific CD8^+^ T cells by HCMV antigens over years. The findings from patients who have AHCMV disease suggest that the predominant CD27^−^CD28^−^CD57^+^ differentiation profile, as well as the magnitude of those cells, is not sufficient to control HCMV replication if not associated with a broad repertoire of HCMV-specific cells in an earlier differentiation profile. The reinforcement of the HCMV-specific CD27^−/+^ CD28^+^CD8^+^ T cells, after recovery from retinitis to levels similar to those observed in healthy individuals, suggests that these cells, with a known higher proliferation ability ([@bib25], [@bib31], [@bib48]), play a key protective role in ensuring stable control of HCMV replication. The regeneration of these subsets after HCMV retinitis and their long-term maintenance may depend on CD4 help, as suggested by studies demonstrating the need for CD4 help in maintaining effective cytotoxic T lymphocyte responses ([@bib49]), and the importance of IL-2 production in virus-specific T cells in HIV-infected patients ([@bib50], [@bib51]). We were unable to detect any IL-2 production in those HCMV-specific T cells, even when tested from HIV-negative LTNP or LTRR subjects (unpublished data). Thus, recovery---with antiretroviral treatments---of an efficient CD4 help may to make it possible to restore these key subsets.

Finally, a scheme for immune control of HCMV can be drawn from these findings ([Fig. 5](#fig5){ref-type="fig"}). In healthy individuals with a normal CD4 help, a low level HCMV replication maintains a weak activation of HCMV-specific CD8^+^ T cells equally balanced against pp65 and IE1 antigens. Those HCMV-specific cells are composed of a mixed population of "early" and "intermediate" CD27^+/−^28^+^ cells that permanently give rise to "late" CD27^−^28^+^ effector cells, and thus, establish a quasi-equilibrium between controlled virus reactivation and host defenses. If HCMV replication increases slightly, as observed in concurrent HIV infection, the repertoire and diversity of HCMV-specific CD8 T cells broaden, as long as the CD4 help persists, with a mixed phenotype but an accelerated conversion toward "late" cells. If the CD4 help disappears, new early or intermediate HCMV-specific cells cannot regenerate and the repertoire cannot broaden; the remaining "late" HCMV-specific cells cannot control the outgrowth of the virus, even if in large numbers, and active disease occurs. Control of AHCMV disease takes place only when a strong CD4 help is restored and involves a broadening of the repertoire and diversity of the HCMV-specific CD8 T cells against IE1. If CD4 help is maintained over time, regeneration of "early" and "intermediate" CD27^+/−^28^+^ phenotypes occurs that will ensure long-term protection and a quasi-healthy equilibrium.

![Immune correlates of a stable recovery after AHCMV retinitis. A model based upon the experimental findings is proposed.](20042408f5){#fig5}

Such key associations between antigenic repertoire, diversity, differentiation of HCMV-specific CD8 T cells, and restoration of an immune control of AHCMV disease also might apply to other immune deficiencies that expose carriers to HCMV reactivation and disease. If so, our results may provide a model for defining immune correlates of long-term protection against other persistent viruses, such as HIV.

MATERIALS AND METHODS
=====================

Patients.
---------

PBMC samples that were frozen and stored as described below were obtained from 38 HCMV-infected individuals. The HCMV infection was determined by serologic status. Samples from 11 HCMV-positive healthy HIV-negative blood bank donors for whom HLA class I haplotype was known come from a kind collaboration with E. Robinet (Etablissement Français du Sang, Besançon, France). A series of 30 HCMV-positive HIV-infected patients were classified into three groups according to clinical status. The first group was made up of 10 LTNPs from the French Asymptomatiques à Long Terme cohort reported elsewhere with the following characteristics: HIV diagnosis for \>8 yr; normal CD4^+^ T lymphocytes \>600/mm^3^ at inclusion; no antiretroviral treatment; and no HIV-related symptoms, especially no history of AHCMV disease and undetectable HCMV viremia ([@bib52]). The second group consisted of 14 HAART-treated patients who were enrolled in the RESTIMOP clinical trial ([@bib6]) after recovery from an episode of HCMV retinitis that had occurred before the HAART era and was cured under anti-HCMV therapy followed by HAART, and who discontinued secondary anti-HCMV prophylaxis when their CD4 counts had reached a threshold of 75/mm^3^. All remained without anti-HCMV secondary prophylaxis during follow-up without subsequent progression of retinitis during the study; they were monitored carefully by ophthalmologic examinations. Classification of these 14 patients into two subgroups was based on length of postretinitis HAART: a group with STRR (*n* = 8) who had been receiving HAART for \<2 yr and a group with LTRR (*n* = 6) who had been receiving HAART for \>5 yr. The third group contained 8 patients who had AHCMV disease: 6 HIV-infected individuals (2 naive of HAART and 4 with uncontrolled HIV replication despite HAART) and 2 non-HIV infected individuals who had severe CD4 immunodeficiency (one had Good\'s syndrome \[AHCMV7\] and one had an idiopathic CD4 lymphopenia \[AHCMV8\]). All patients in this group had an HCMV retinitis except one who had an HCMV colitis. All clinical samples were obtained according to ethical rules after agreement from institutional review boards. All subjects provided written informed consent. All patients except for the 8 in the third group had undetectable HCMV viral loads. HCMV PCR was performed with the HS ELOSA CMV kit (Lambdatech), which has a detection limit of 10 copies/ml. [Table 2](#tbl2){ref-type="table"} summarizes the characteristics of the study patients.

PBMC preparation and storage.
-----------------------------

PBMCs were obtained after separation with a standard Ficoll-Hypaque gradient (Pharmacia) separation on fresh blood samples and immediate cryopreservation in FCS (GIBCO BRL, Life Technology) containing 10% DMSO (Merck) in liquid nitrogen. Trypan blue exclusion after thawing showed a mean viability of 85%.

Peptides.
---------

The synthetic peptides were 15 amino acid--long peptides overlapping by 10 amino acids and spanning the two HCMV proteins, pp65 and IE1, according to EPYTOP ([@bib53]) and obtained from the INSERM "Action-Thematique-Concertée on antiviral immunity." A total of 110 pp65 peptides were clustered in 11 pools of 10 contiguous peptides (pp65 pools 1--11), and 96 IE1 peptides were clustered in 8 pools of 10 contiguous peptides (IE1 pools 1--8) and in 2 pools of 8 contiguous peptides (IE1 pools 9 and 10). Each pool covered a sequence of 59 amino acids, except IE1 pools 9 and 10, which covered sequences of 49 amino acids and 50 amino acids, respectively.

ELISPOT assay.
--------------

The ELISPOT assay was adapted from a previously described method ([@bib54]). In brief, 96-well nitrocellulose plates (Multiscreen Immobilon-p Filtration Plates, Millipore) were coated with human monoclonal anti--IFN-γ IgG1 (Mabtech). After three washings and blockage with 10% FCS, PBMCs were added at a concentration of 10^5^ in triplicate wells for each experimental condition. Pools of overlapping 15-mer peptides spanning HCMV pp65 and HCMV IE1 (100 μl at a final concentration of 2 μg/ml), RPMI 1640^+^ (negative control), or PHA (GIBCO BRL) (control antigen) were added to the appropriate wells; the plates were incubated for 18 h at 37°C in a 5% CO~2~ atmosphere and then washed. A biotinylated detection antibody, anti--IFN-γ (Mabtech), was added and incubated at 37°C for 4 h and, after washings, followed by the addition of streptavidin-alkaline phosphatase (Amersham Biosciences), substrate, and incubation at room temperature. SFCs were counted using an automated ELISPOT reader (Carl Zeiss MicroImaging, Inc.). Results were expressed as the mean number of SFCs/10^6^ PBMC (SFC/M) in each experimental condition after subtraction of the mean negative control values. All peptide pools that induced IFN-γ response \>50 SFCs/M above background were considered putative CD8^+^ T cell epitopes. Saturated responses were counted arbitrarily as responses of 3,000 SFCs/M.

The cell origin of this IFN-γ production was assessed in 11 HIV-negative individuals by reevaluating positive responses against peptide pools on CD8^+^-depleted PBMCs after using CD8 magnetic beads (Dynal). Each pool was tested with total and CD8^+^-depleted PBMCs. A mean of 81% inhibition of recognition was obtained with CD8^+^-depleted PBMCs assessing the predominant CD8 cell involvement (unpublished data). In HIV-infected patients, the predominant CD8 cell origin of the HCMV-specific IFN-γ production was assessed by intracellular cytokine staining.

Cell surface and intracellular staining by flow cytometry.
----------------------------------------------------------

The assay was adapted from a previously described method ([@bib32], [@bib46], [@bib53], [@bib55], [@bib56]). 1 million PBMCs were incubated for 6 h in the presence of peptide pools detected as epitopes in the ELISPOT assay at the final concentration of 2 μg/ml, control antigen (PHA; GIBCO BRL), or RPMI 1640^+^ (negative control). Brefeldin A (Sigma-Aldrich) was added to the culture for the final 4 h. After washings, PBMCs were incubated for 15 min at room temperature with the following fluorescent-labeled conjugated monoclonal antibodies: anti-CD4--FITC, anti--CD8-PerCP, anti--CD27-PE or FITC, and anti--CD28-FITC or PE (all Becton Dickinson). After washings, cells were fixed with buffered formaldehyde acetone solution and permeabilized with 0.1% saponin, 50 mM D-glucose. Cells were incubated, stained with anti--IFN-γ-APC or anti--IL-2-PE (BD Biosciences), washed, and fixed in PBS 1X -- 0.5% BSA. Flow cytometric analysis was performed immediately using a FACScalibur (Becton Dickinson). Data files contained 75,000 events positive for CD8-PerCP fluorescence per lymphocyte gate. The frequency of IFN-γ^+^ cells within each CD8^+^ lymphocyte gate was assessed with Cellquest software (Becton Dickinson); results were considered positive if \>0.1% of the CD8^+^ cells within the CD8^+^ gate were IFN-γ--positive after the negative control values were subtracted. A mean of 68 ± 18% CD8 cells was found to be responsible for the IFN-γ production within lymphocytes.

Statistical analysis.
---------------------

Exact nonparametric two-tailed tests from SPSS 12.0.1.0 for windows from SPSS Inc. were used. The Wilcoxon signed-rank test was used to compare the frequency of recognition of each pool, and the nonparametric Mann-Whitney test was used to analyze differences between the groups. P \< 0.05 was considered to be statistically significant.
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